Abstract-In this paper, the performance of the twin-entry radial flow turbine under steady state and ١٦ partial admission conditions is modeled. The method, which is developed here, is based on one-١٧ dimensional performance prediction. In one-dimensional modeling, the flow properties are assumed ١٨ constant on a plane normal to the flow direction. This assumption is in contrast with the flow at the ١٩ rotor entry of a twin-entry turbine under partial admission condition. In this study the one-٢٠ dimensional performance prediction method for a single-entry turbine is modified to analyze the ٢١ twin-entry turbine. In particular, the loss coefficients due to friction, clearance and blade loading, ٢٢ which are already developed for single-entry turbines, are modified. Also, additional losses in the ٢٣ rotor are considered because of twin-entry rotor inlet conditions and the rotor-mixing losses. Indeed, ٢٤
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in a single-entry turbine with symmetric volute, the flow tends to move toward the shroud. A ٢٥ correlation for the radial velocity profile at the rotor entry for this case is obtained and is considered ٢٦ to be optimum. Then the rotor mixing loss is estimated. Finally a model based on the above ٢٧ mentioned matters is developed. The results obtained from the model are compared with the ٢٨ experimental results and good agreements are obtained. In this paper, special behaviors of the flow in ٢٩ the twin-entry turbine are also investigated and some physical interpretations are presented.
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INTRODUCTION

٣٤ ٣٥
Turbochargers are one of the most important components of the diesel engines. They increase the power ٣٦ output to the engine weight ratio and the efficiency. Using twin-entry radial flow turbines in turbocharging ٣٧ systems of small diesels gives the possibility of using the energy of pulsating exhaust gases, and is a very ٣٨ common practice. Despite its importance, there are not many research activities in the area of twin-entry ٣٩ turbocharger turbines. Almost all of the research in this area are experimental [1] [2] [3] [4] . The researchers ٤٠ commonly stated that the shroud and hub side entries have different effects on the turbine performance. The ٤١ best efficiency is obtained when the mass flow rate in the shroud side entry is more than the hub side entry ٤٢ [2] [3] [4] . Different values of the optimum mass flow ratio are given by different authors. For example,
٤٣
Capobianco and Gambarotta [3] gave 0.014 and Baines and Yeo [4] gave 0.6. The large difference between ٤٤ these values may be due to the different shape of the turbine casing they used. Capobianco and Gmbarotta
٤٥
[3] used a turbine with inclined volute and unequal entry areas, but Baines and Yeo [4] used a turbine with a ٤٦ symmetric volute. It is worth mentioning that the minimum efficiency is obtained when one of the entries, in ٤٧ particular the shroud side, is fully closed [2] [3] [4] . The efficiency of the twin-entry turbine at full admission ٤٨ condition is about 7 percent less than the single entry turbine with same rotor [3] .
٤٩
The solution methods for the flow in the radial flow turbines can be classified as numerical and ٥٠ modeling. The two or three-dimensional solutions are obtained numerically. In this procedure, the researcher ٥١ must be an expert in numerical methods and do not need to model the flow characteristics. But in one ٥٢ dimensional flow modeling, the modelers must have a good insight of the flow. In this procedure, different ٥٣ losses are identified and each one is modeled separately. The one-dimensional approach is used for the ٥٤ preliminary design procedure and is simpler and easier to use.
٥٥
2
The only numerical flow simulation obtained for this flow, as far as the authors know, is the work of
٥٦
Lymberopoulos et al. [5] . They simulated the flow in the volute of a twin-entry turbine by solving the quasi ٥٧ three-dimensional Euler equations.
٥٨
The one-dimensional modeling of the single-entry radial turbines has been studied by many authors [6-٥٩ 12] . However, modeling of the twin-entry turbines has not been the center of the researchers' attention. The example, this analysis cannot explain why the best efficiency is obtained when the mass flow rate of the ٦٨ shroud side entry is more than that of the hub side entry. Another problem is that the available one-٦٩ dimensional flow equations are obtained only for single-entry turbines and they cannot be used for twin-٧٠ entry turbines directly.
٧١
The aims of this paper are 1) to give explanations for some of the behaviors of the turbine which have model, it can be improved by using more experimental data, as they will be available in the future. Figure 1 shows the flow velocity, the flow angle and the incidence angle at the rotor entry (volute exit), for ٨٢ different partial admission conditions, based on the measurements obtained by Baines and Yeo [4] . The total ٨٣ mass flow rate is held constant at all cases. According to these experimental results, except when one of the ٨٤ entries is fully closed, as the mass flow rate increases at one entry, the flow velocity also increases at the ٨٥ same passage, and the flow angle does not change much at this section. Based on Whitfield and Baines [11] , ٨٦ simple considerations of angular momentum, the angle of flow leaving a vaneless volute is a function of ٨٧ geometry only. But this situation does not hold for a twin-entry turbine when one of its entries is completely
٧٧ ٧٨
FLOW PATTERN IN THE TURBINE
٨٨
closed. In this case, the flow velocity at the open side is at its maximum value, as expected. The velocity at ٨٩ the other side is not close to zero, but is about the full admission case. At the same time, the flow angle at ٩٠ the closed side increases considerably. Baines and Yeo [4] stated that this velocity increase is due to a ٩١ sudden expansion. But this conclusion seems to be invalid. Figure 2 shows the radial velocity components at ٩٢ the rotor entry for three different cases. In this figure, the area under the curves indicates the volumetric flow ٩٣ rate. It is clear from the figure that the volumetric flow rate (the area under the curve) when one of the ٩٤ entries is fully closed is not increased, but decreased. So, the statement made in [4] for this phenomenon ٩٥ cannot be justified and the flow is compressed in this case.
٩٦
This behavior can be explained by the following statements. When the mass flow rates at the hub and
٩٧
shroud side entries are different, the flow streams in the interspace affect each other and the flow with higher ٩٨ velocity tends to move the flow at the other side along itself. As the velocity difference between the two ٩٩ entries is increased, the above-mentioned behavior becomes more pronounced due to the friction between The flow pattern in the rotor affects the characteristics of twin-entry radial turbines. Figure 3 shows the ١١١ radial component of the flow obtained by laser anemometry at the entrance to the rotor of a single-entry ١١٢ turbine [13] . Figure 4 presents the relative Mach contours in the rotor of a single-entry turbine [14] . As can ١١٣ be seen from these figures, the flow at the rotor entry tends to pass through the region near the shroud. As ١١٤ the flow always passes through the lines that have optimum behavior and minimum losses, in this paper, we ١١٥ have chosen the optimum radial velocity distribution at the entrance to the rotor to be the same as the radial ١١٦ velocity distribution at the rotor entrance of a single-entry turbine with a symmetric volute. So, if the mass ١١٧ flow ratio in the twin-entry turbine entries is such that the radial velocity at the rotor entry is the same as the ١١٨ optimum case, there will not be extra losses in the twin-entry turbine rotor. Otherwise, it is expected to have produces additional loss in the rotor, which we call rotor mixing loss. Another case which is worth ١٢٥ mentioning, is the effect of the tangential velocity component on the losses. When the tangential velocity at ١٢٦ the rotor entry is different from its optimum value, the incidence losses occur. In the twin-entry turbines, according to above discussions, it is expected that the higher efficiency can ١٣٠ be obtained when the mass flow rate at the shroud side entry is more than the other side and the minimum ١٣١ efficiency is obtained when the radial velocity distribution at the rotor entry has the maximum deficiency ١٣٢ with respect to the optimum case. That occurs when the shroud side entry is fully closed. 
١٣٣ ١٣٤
MODELING
Equation (1) given in [15] , which leads to 
١٦١
١٦٢
The loss coefficient, σ, depends on the hub and shroud side flow losses. Due to the complexity of the ١٦٣ flow in the rotor, it is not feasible to calculate s σ and h σ separately. Therefore, the following model, which
١٦٤
is obtained by combining Eqs. (2) and (7), is suggested here. 
١٦٨
This relation can be simplified by using Taylor series expansion, and then assuming that
1 γ γ is small. This assumption is reasonable for a turbine with acceptable performance. The The above relation means that one can consider the effect of shroud and hub side flow losses in one ١٧٤ relation, that is, we estimate ∆q s and ∆q h altogether. So, we can modify the correlations for the loss ١٧٥ coefficient in single-entry turbines, to obtain losses in twin-entry turbines.
١٧٦ ١٧٧
b) Friction losses
١٧٨ ١٧٩
These losses are computed in the same way as the friction losses in a curved passage.
where c f is the skin friction coefficient in curved pipes and is obtained by Schlichting [16] , and W is the ١٨٤ average relative velocity in the passage. They are obtained as follows: According to Rodgers [12] , the following correlation is used to calculate the blade loading losses.
The clearance losses are calculated from the correlation given by Rodgers [12] . These extra losses exist only in twin-entry turbines and are due to the mixing of the flow in the rotor ٢٠٩ when the mass flow ratio of the shroud and hub side entries is different from its optimum value. The ٢١٠ optimum condition is defined as the condition in which the radial velocity distribution at the rotor entry is ٢١١ the same as the radial velocity distribution at the rotor entry of a single-entry turbine with symmetric value.
٢١٢
This radial velocity distribution is studied and modeled using the experimental result shown in Fig. 3 . The For the rotor of a radial flow turbine, the value of r 0 can be calculated from the following formula. 
٢٥٥
For a twin-entry turbine, the optimum one-dimensional velocity distribution at the rotor entry is ٢٥٦ assumed as shown in Fig.11 . This distribution of the velocity is simplified and a one-dimensional form of ٢٥٧ Eq. 17.
٢٥٨
In order to calculate the rotor-mixing losses, the mixing procedure shown in Fig. 12 has been ٢٥٩ considered. In this figure, the actual radial velocity distribution at the rotor entry in a particular mass flow ٢٦٠ ratio and its optimum value, which is obtained after a hypothetical mixing, are shown at sections 1 and 2, ٢٦١ respectively. The entropy increase for this process, ∆s, can be obtained using one-dimensional ٢٦٢ thermodynamic relations. So, σ RM is obtained by
As shown in Fig. 12 , ∆s is estimated from the mixing of the flow in a straight passage. Because the aim
٢٦٧
of this work is one-dimensional modeling, a straight passage is used rather than a curved passage which
٢٦٨
corresponds to 2-D or 3-D flows. The optimum condition for the flow leaving a straight passage is a uniform ٢٦٩ flow. So the modeling for the mixing process is performed by using Fig. 13b . That is, the flow pattern in Fig.   ٢٧٠ 12 is changed to Fig. 13b . This method gives a crude estimation of ∆s. Finally, the rotor loss coefficient is ٢٧٧  ٢٧٨  ٢٧٩  ٢٨٠  ٢٨١  ٢٨٢  ٢٨٣  ٢٨٤  ٢٨٥  ٢٨٦  ٢٨٧  ٢٨٨  ٢٨٩  ٢٩٠  ٢٩١  ٢٩٢   ٢٩٣  ٢٩٤  ٢٩٥  ٢٩٦  ٢٩٧  ٢٩٨  ٢٩٩  ٣٠٠  ٣٠١  ٣٠٢  ٣٠٣  ٣٠٤  ٣٠٥  ٣٠٦  ٣٠٧  ٣٠٨  ٣٠٩  ٣١٠  ٣١١  ٣١٢  ٣١٣  ٣١٤  ٣١٥ 
SOLUTION PROCEDURE
٣١٨ ٣١٩
As shown in Fig. 5 , the flow passages can be divided into several parts. Flow at sections 0 to 2 is considered ٣٢٠ similar to the single-entry turbine and can be considered as stated in references [7, 8, 10, 11] . For flow ٣٢١ between sections 2 and 3, flows in the shroud and hub side are considered separately, but their interactions ٣٢٢ are considered for calculating the exit flow angles and loss coefficients. Losses due to the friction between ٣٢٣ two streams are calculated from relations of a mixing layer between two incompressible streams. For the ٣٢٤ region between sections 3 and 4, the flows in the shroud and hub sides are modeled separately using the ٣٢٥ NASA incidence loss model [6] . Finally, the flow between sections 4 and 5 is modeled using Eq. (8) .
٣٢٦
The solution procedure is outlined in the flow chart of Fig. 14 . Two types of boundary conditions are ٣٢٧ used to solve the problem. For the first case, the mass flow rate of each entry is given and for the second ٣٢٨ case, the total pressure at each entry is identified. More details of the flow solution are given in [15] .
٣٢٩ ٣٣٠
RESULTS
٣٣١ ٣٣٢
The results are compared with experimental results presented by Dale Figures 16a to 16d show the efficiency of the turbine at partial admission conditions for 26000 rpm,
٣٦٤
compared with the experimental data. As shown in the figures, rather good agreements are obtained.
٣٦٥
Although the trends of the curves are very well matched, there are some differences between the calculated ٣٦٦ and experimental date. These differences can be due to the following: The uncertainty in the experimental ٣٦٧ data, especially for high U/Cs, as shown in Fig. 17 , gives some inaccurate data. This makes sense especially 
٣٦٩
Secondly as shown in the figures, when the mass flow ratio of the turbine entries is far from its optimum ٣٧٠ value, the difference between the calculated and experimental results is higher. This mater suggests that the ٣٧١ rotor mixing losses are estimated less accurately.
٣٧٢
The difference between the efficiencies for two partial admission conditions (where the inflow is either ٣٧٣ higher in the shroud-side or in the hub-side entry) is due to the effect of the rotor-mixing losses, which are ٣٧٤ different in the two cases. As shown in Fig. 18, this 
CONCLUSION
٣٩١ ٣٩٢
In this paper, a one-dimensional performance prediction method is developed for modeling the flow shroud side and hub side mass flow ratio is close to its optimum value, which corresponds to when the rotor ٣٩٩ mixing losses are negligible. Because obtaining the loss coefficients in one-dimensional modeling depends ٤٠٠ on the available experimental data, the model presented here can be improved by using more experimental ٤٠١ data. 5 
٤٠٢ ٤٠٣
NOMENCLATURE
